Objective: Thoracic endovascular aortic repair (TEVAR) with supra-aortic debranching has recently been introduced as a treatment option for aortic arch disease. Although less invasive than open repair, TEVAR is associated with a risk of perioperative embolic stroke due to dislodgment of atherosclerotic plaque debris, especially in individuals with atheromatous degeneration of the aortic lumen. It is difficult to determine atheroma vulnerability, and there is no current method for predicting the risk of atheroembolism. This study aimed to evaluate the usefulness of our method of quantifying the shagginess of the aorta in predicting the short-and long-term outcomes of TEVAR involving the aortic arch.
Open repair for aortic arch disease remains a challenging procedure and is associated with relatively high morbidity and mortality, although efforts have constantly been made to improve the treatment outcome. Thoracic endovascular aortic repair (TEVAR) combined with extraanatomic revascularization of the aortic arch branches has gained growing importance in treating the disease, especially in patients with multiple risk factors. [1] [2] [3] [4] [5] [6] [7] Although this treatment is less invasive than open repair, TEVAR entails a risk of perioperative embolic stroke due to dislodgment of atherosclerotic plaque debris through wire and catheter manipulation and stent graft deployment, especially in those with severe atheromatous degeneration of the aortic lumen. 4, [7] [8] [9] [10] [11] [12] Previous studies have reported that the majority of cerebral infarctions were diagnosed as embolic on the basis of imaging studies. 7, 8, [10] [11] [12] The embolic potential of unstable plaques in the aorta has been widely recognized. However, it remains difficult to objectively determine the vulnerability of atheroma, and the method to evaluate the risk of atheroembolism is yet to be established. We developed a method to quantitatively assess the aortic shagginess and demonstrated its usefulness in predicting perioperative embolic complications and late mortality in patients undergoing endovascular repair of abdominal aortic aneurysms. 13 The aim of this study was to evaluate the method's prognostic value in predicting short-and long-term outcomes in patients undergoing TEVAR for aortic arch disease. 
METHODS
Population of patients. This study was approved by the ethics committee of Morinomiya Hospital, and informed consent of patients was not required because of the retrospective nature of the study. Between January 2009 and July 2013, there were 138 consecutive patients who underwent TEVAR with a proximal landing zone 0 to 2 for a nonruptured aortic arch aneurysm or dissection at the Department of Cardiovascular Surgery, Morinomiya Hospital. Patients with low operative risks or those anatomically unfit for endovascular treatment underwent open repair. Aortic arch zones were stratified according to the classification by Ishimaru.
14 Patients who had a dissected thoracic aorta with a patent false lumen, those who had a history of open or endovascular treatment of the thoracic aorta, and those who were treated with a fenestrated or branched endograft were excluded from the analysis. We also excluded those who did not have preoperative contrast-enhanced computed tomography (CT) of the aorta performed at our institution and stored in our hospital's archive. After applying the exclusion criteria, we included 77 patients (63 men and 14 women) in the study. Data including CT images, patient profiles, and follow-up information were collected and analyzed retrospectively.
Revascularization of the supra-aortic branches and TEVAR were performed in a single-stage procedure. Heparin was administered after exposure of the arteries and before the bypass and TEVAR procedure. The bypass graft diameter was determined according to the size of the native artery; the grafts used in the anastomosis in the axillary artery (AxA) ranged between 6 and 10 mm in diameter, and those in the common carotid artery (CCA) ranged between 6 and 8 mm. We regularly performed ballooning in the proximal landing zone after stent graft deployment. In all cases, surgery was performed by a team, and one surgeon (M.K.) participated and had a leading role in the operation.
Patients were assumed to have hypertension or diabetes mellitus if they were taking medication for these conditions. Hypercholesterolemia was defined as a preoperative serum total cholesterol level $220 mg/dL or a low-density lipoprotein cholesterol level $140 mg/dL. Chronic renal insufficiency was defined as a preoperative serum creatinine level >1.2 mg/dL. Coronary artery disease was diagnosed if the patient had a history of interventional or surgical treatment of the disease. The diagnosis of chronic obstructive pulmonary disease was confirmed by respiratory function tests showing a forced expiratory volume in 1 second of <70% of forced vital capacity. Carotid artery disease was diagnosed if carotid echography showed a peak systolic velocity of the internal carotid artery (ICA) $200 cm/s 15, 16 or occlusion of the carotid artery.
Definition of the shagginess score. The shagginess score was calculated on the basis of preoperative contrast-enhanced CT images of the aorta using a 64-detector row CT scanner (Brilliance 64; Philips Medical Systems, Best, The Netherlands), as described in detail previously (Fig) . 13 Briefly, the CT imaging data of the early arterial phase with a 1-mm slice thickness were transferred to a three-dimensional image analysis workstation (Synapse Vincent, version 4.6; Fujifilm Medical Co, Tokyo, Japan). The software automatically extracted the centerline of the aortic lumen and created multiplanar reconstruction images perpendicular to the centerline with a regular slice thickness of 1 to 2 mm from the level of the left subclavian artery (SCA) to that of the celiac artery.
In each multiplanar reconstruction image, the contour of the aortic lumen was automatically recognized, and its length (A) was calculated. Concurrently, diameters of the aortic luminal contour through the central luminal line were determined automatically for every degree, and their mean value (B) was calculated. Then, the ratio of A to the circumference of a perfect circle with a diameter of B was determined [C ¼ A/(3.14 $ B)]. We defined the shagginess score of each patient as the mean value of (C À 1) Â 100 from the level just distal to the left SCA to that just above the celiac artery. C quantifies the deviation of the contour of aortic lumen from that of a corresponding perfect circle; therefore, we considered that the shagginess score, calculated as the average value from the distal aortic arch through the descending aorta, could reflect the overall irregularity of the aortic luminal surface. The image analyses were performed by an expert radiology technician at our hospital and required only a few minutes for each patient. Our previous study demonstrated that the score correlated well with the subjective visual evaluation of aortic shagginess by vascular surgeons and was associated with the development of perioperative embolic events in patients undergoing endovascular repair of abdominal aortic aneurysm. 13 Recommendation: This study suggests that an aortic shagginess score may be of value in assessing the risk of stroke and late cardiovascular mortality in patients undergoing thoracic endovascular aortic repair involving the aortic arch.
ARTICLE HIGHLIGHTS
Postoperative cerebral infarction and late mortality.
We assessed the relationships between the preoperative and intraoperative risk factors, including the shagginess score, and the development of postoperative cerebral infarction and long-term mortality. Patients were diagnosed with postoperative cerebral infarction if they had any new-onset neurologic deficit within 30 days after surgery and the diagnosis was confirmed by imaging studies including CT and magnetic resonance imaging (MRI). Deaths and causes of mortality were identified by chart review. The patients, their families, and hospitals where patients' deaths were confirmed were contacted to gain additional information if necessary.
Statistical analysis. Data were analyzed using PASW Statistics 18 (SPSS Inc, Chicago, Ill). Continuous data are expressed as medians and interquartile ranges unless otherwise noted. Categorical variables were evaluated using a c 2 test or Fisher exact test, and continuous variables were compared using the Mann-Whitney U test. Univariate analyses were performed to identify factors that were associated with the development of postoperative cerebral infarction. Kaplan-Meier methods and Cox proportional hazards models were used to analyze late survival. Each multivariate analysis included all variables that were significant in the univariate analyses at the P value < .1 level. P values < .05 were considered statistically significant.
Fig.
In each multiplanar reconstruction image orthogonal to the automatically defined aortic centerline with a regular slice thickness of 1 to 2 mm, the aortic luminal contour was recognized, and its length (A) was calculated (i). Concurrently, diameters of the aortic luminal contour through the central luminal line were measured automatically for every degree, and their mean value (B) was calculated (ii). Then, the ratio of A to the circumference of a perfect circle with a diameter of B (dotted circle) was determined [C ¼ A/(3.14 $ B)]. The mean value of (C À 1) Â 100 from the level just distal to the left subclavian artery (SCA) to that just proximal to the celiac artery was calculated and defined as the shagginess score. Table I summarizes the clinical characteristics of the patients. Among 22 patients who underwent TEVAR with a proximal landing in zone 0, bypass grafting from the ascending aorta to the supra-aortic vessels through a median sternotomy without the use of cardiopulmonary bypass was performed in 16 patients. Chimney stent graft deployment in the brachiocephalic artery and concomitant extra-anatomic bypass from the right AxA to the left CCA and left AxA were performed in six patients. In 23 patients who underwent TEVAR with a proximal landing in zone 1, the left CCA and left AxA were revascularized extra-anatomically. Bypass from the right AxA to the left CCA and AxA was performed in 22 patients, and bypass from the right AxA to the left CCA and from the left EIA to the left AxA was performed in one patient. Among 32 patients who underwent TEVAR with a proximal landing in zone 2, we performed bypass grafting from the ascending aorta to the left AxA through a median sternotomy in 1 patient, left carotidsubclavian bypass in 12, and right axillary-left axillary bypass in 16; the left SCA and left vertebral artery originating directly from the aorta were not reconstructed in three patients and one patient, respectively.
RESULTS
The primary technical success rate was 92.0%. Minor type I endoleaks were observed in six patients on intraoperative completion angiography, all of which disappeared spontaneously on follow-up CT that was performed within 10 days postoperatively. There was no early occlusion of the bypass. No patient died within 30 days postoperatively. The median shagginess score of the total cohort was 9.99, ranging between 8.34 and 13.59.
Postoperative ischemic stroke occurred in nine patients (11.7%). All of them were diagnosed with this condition within a week after undergoing TEVAR; seven patients were diagnosed by MRI and the other two patients were diagnosed by CT, and eight patients were also assessed by a neurologist. Among those nine patients, two had comorbid carotid artery disease preoperatively; the preoperative evaluations revealed occlusion of the right ICA in one patient and occlusion of the left ICA in one patient. The infarction was detected in the anterior circulation in two patients, in the posterior circulation in two, and in both the anterior and posterior circulation Bypass from the ascending aorta to the supra-aortic branch vessels in the remaining five. The maximum sizes of the infarcted lesions were $2 cm in seven patients and <2 cm in two patients. All of the patients had multiple infarcted lesions, which indicated the embolic etiology. Six patients were directly discharged home, one patient was discharged to a nursing facility, and the remaining two patients were transferred to other hospitals for rehabilitation. According to the modified Rankin scale, the degrees of disability at discharge were grade 1 in 1 patient, grade 2 in 2 patients, grade 3 in 2 patients, grade 4 in 3 patients, and grade 5 in 1 patient. The univariate analyses showed that the shagginess score was significantly higher in patients who experienced a postoperative cerebral infarction than in those who did not. Sex, hypertension, chronic renal disease, coronary artery disease, history of stroke, and proximal landing zone of the stent graft did not show significant associations with the occurrence of postoperative cerebral infarction (Table II) . The median follow-up period was 1570 days (range, 104-2908 days). Twenty-three patients (29.9%) died during the follow-up period; 10 of them died of a cardiovascular cause. Among patients who experienced postoperative stroke, 2 patients died within a year postoperatively; 1 patient died because of pneumonia at 8 months and 1 died presumably because of rupture of a thoracoabdominal aortic aneurysm at 7 months after surgery. All female patients were alive at the last follow-up. The 5-year cumulative survival rate for the entire cohort was 69.2%. The long-term all-cause and cardiovascular mortality rates did not differ significantly according to the proximal landing zone of the stent graft (P ¼ .29 for all-cause and P ¼ .83 for cardiovascular mortality).
Cox proportional hazards analyses demonstrated that among preoperative factors, comorbid hypercholesterolemia was significantly associated with all-cause mortality (hazard ratio [HR], 3.22; 95% confidence interval [CI], 1.24-8.32; P ¼ .02; Table III ). As for cardiovascular mortality, the shagginess score was a significant independent predictor (HR, 1.84; 95% CI, 1.04-3.28; P ¼ .04), whereas the use of a statin showed its protective effect with significance (HR, 0.11; 95% CI, 0.02-0.66; P ¼ .02; Table IV ). The all-cause and cardiovascular mortality rates did not differ significantly between those who developed postoperative cerebral infarction and those who did not (P ¼ .36 for all-cause mortality and P ¼ .32 for cardiovascular mortality).
DISCUSSION
The results of this study indicated that the shagginess score could be an independent predictor of the development of perioperative stroke after TEVAR involving the aortic arch. The score also showed its possible usefulness in predicting late cardiovascular mortality after the procedure. To our knowledge, this is the first report of a method that objectively assesses the morphologic condition of the aortic luminal surface in patients undergoing TEVAR, which could lend assistance in determining the treatment strategy. Previous reports have demonstrated the safety and favorable outcome of TEVAR with supra-aortic debranching. [1] [2] [3] [4] [5] [6] [7] Meanwhile, the risk of perioperative ischemic stroke, which can sometimes lead to a fatal condition, is not negligible. The perioperative incidence of symptomatic stroke after this procedure has been reported to range between 3% and 19%, and the 30-day mortality rate ranges between 0% and 10%. showed that patients having a grade III or IV atheroma at the proximal neck were more likely to develop stroke after TEVAR with supra-aortic debranching than those with grades I and II. Kanaoka et al 11 defined a shaggy aorta as the presence of a mural thrombus in a nonaneurysmal aorta more than three-fourths the circumference with a thickness $5 mm and length $25 mm. They demonstrated that the presence of a shaggy aorta was an independent risk factor of stroke after TEVAR. These methods of assessing the degree of atheromatous degeneration of the aorta have been proven to be useful in predicting cerebrovascular complications that are mostly caused by a dislodged thrombus from the aortic surface intraoperatively. However, these methods were mainly based on a potentially subjective review of CT images by experts, which could lead to interobserver variations. Moreover, a thorough evaluation of the images is time-consuming. The shagginess score is an index that quantifies the mean difference between the lengths of the aortic luminal contour in cross-sectional CT images perpendicular to the central luminal line of the aorta and circumferences of corresponding perfect circles, as calculated from the distal aortic arch through the descending aorta. The score is assumed to be high in patients in whom the contours of the aortic lumen are irregular with luminal ulcerations and protrusions and deviate from a perfect circle. Therefore, we consider that the presence of penetrating aortic ulcers or mobile plaques can be reflected by this index, although other factors, such as the degree of calcification, cannot be encompassed. It can be calculated in a few minutes semiautomatically using a commercially available workstation. The observer needs only to determine the orifice of the left SCA and celiac artery; therefore, very little room is left for variations due to subjectivity. Taking into account the resolution of the acquired images, we consider that CT imaging data are better for analysis than MRI data. We previously compared the score with the degree of aortic luminal irregularity that was determined subjectively by visual assessment by vascular surgeons based on CT images and demonstrated that they showed a significant correlation. We also reported that the score was associated with the development of perioperative embolic complications in patients undergoing endovascular repair of abdominal aortic aneurysm. 13 This study demonstrated that there is a significant relationship between the shagginess score and occurrence of perioperative ischemic stroke after TEVAR involving the aortic arch. The aortic arch, which is presumably the main source of cerebral emboli during TEVAR, is not included in the calculation of the shagginess score because the workstation cannot precisely analyze the segment of the aorta that is close to the orifices of major branch vessels automatically. To date, inclusion of the whole aortic arch in the scoring process is not possible, and further development is required to characterize the shagginess of the aortic arch. However, the score quantifies the degree of luminal irregularity of a relatively long range of the aorta from the level of the left SCA to that of the celiac artery. Therefore, we consider that it might represent the overall severity of atheromatous degeneration of the aorta and reflect the predisposition to distal embolism from the aortic lumen during endovascular treatment as well as the level of susceptibility to perioperative cerebral ischemic events. Procedural factors that are possibly related to the development of stroke after TEVAR include the proximal landing zone of the stent graft and coverage of the left SCA origin without revascularization. Several studies reported that the risk of perioperative stroke was increased in patients undergoing TEVAR with a proximal landing in zone 0 or zone 1, 9,10,20 whereas many recent reports showed that the stroke rate did not depend on the proximal landing site after TEVAR for aortic arch disease. 4, 6, 7, 12, 17, 21 This study also did not demonstrate a significant difference in the rate of postoperative cerebral infarction according to the proximal landing zones. The impact of left SCA coverage without revascularization during TEVAR also remains controversial. 4, [7] [8] [9] [10] [11] [12] 21, 23, [25] [26] [27] [28] We routinely reconstruct the left SCA, except in patients with particularly high operative risks and those whose left SCA is already severely stenosed or occluded before surgery. Meanwhile, the latest systematic reviews on this issue reached conflicting conclusions about the protective effect of left SCA revascularization against perioperative stroke.
29,30
Previous reports demonstrated that advanced atheromatous degeneration in the aortic arch or descending aorta could indicate a poor prognosis, with a decreased survival rate and increased risk of vascular events. [31] [32] [33] The degree of the progression of aortic atheroma can be considered a potential marker of systemic atherosclerosis. 34, 35 This study showed that there was a significant association between the shagginess score and longterm cardiovascular mortality after TEVAR for aortic arch disease, which is consistent with what we have demonstrated in patients who underwent endovascular repair of abdominal aortic aneurysm. 13 Our data suggest that the shagginess score may reflect the severity of generalized atherosclerosis by quantifying the aortic atheromatous burden and indicate its additional usefulness in predicting the long-term prognosis. The study has some limitations. The number of included patients was small, even though it is one of the large series regarding TEVAR for aortic arch disease. The study did not include those treated with fenestrated or branched endografting because of our limited experience using these techniques; however, these patients may be the most vulnerable to perioperative ischemic stroke because of the more frequent wire and catheter manipulation in the aortic arch. In addition, because this was a single-center, retrospective study, an inherent selection bias might exist. Furthermore, the workstation cannot distinguish true and patent false lumens in patients with a dissected aorta; therefore, automatically calculating the shagginess score is not possible in those with double-barreled dissection in the distal arch and descending aorta, which limits the usefulness of the score in these patients.
CONCLUSIONS
The shagginess score could be a useful indicator in predicting perioperative ischemic stroke after TEVAR for disease involving the aortic arch. The score could also play a role in predicting the long-term prognosis after treatment in this population of patients. Further investigation involving a larger cohort is required to validate the diagnostic utility of the shagginess score.
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